Abstract. Conandron ramondioides with actinomorphic flower in Gesneriaceae is an endemic species distributed in Taiwan, Southeast of China and Japan. Populations are usually small and isolated in typically fragmented habitat. Based on SNPs of Gcyc1 (Cycloidea), a TCP gene known in patterning the floral dorsoventral asymmetry, we have explored the molecular evolution and genetic differentiation of Gcyc1 at population level, and the population history of C. ramondioides populations distributed in SE China. Eighteen SNPs are detected in 774-bp of the gene, of which eleven are non-synonymous. However, morphological observation of flowers shows that there is no visible differentiation in shape and size across the dorsoventral axis within each whorl. None of the eighteen SNPs is by all shared the eleven populations. Population differentiation is significant. These results reveal that evolution of Gcyc1 at population level is well in accord with the neutral theory. Our study indicates that the SNPs of developmental genes are also useful molecular markers for exploring the genetic differentiation and population history in nonmodel organisms.
Introduction
Single nucleotide polymorphisms (SNPs), i.e. single-base substitutions in the DNA sequence, are the most common type of sequence differences between alleles, and extensively exist in genomes of all organisms (Brookes 1999 , Nasu et al. 2002 , Rafalski 2002 . Most SNPs lie in the non-coding regions of genes owing to be constrained by gene functions, but the SNPs in the coding regions of genes (cSNPs) are more important because they may alter the structure and function of the encoded proteins (Syvänen 2001) . Since they encode amino acids cSNPs can be devided into synonymous and non-synonymous cSNPs, based on coding amino acids. Most recently, SNPs, as the third generation of molecular markers following RFLP and SSR, have gradually become a welcome tool for studying linkage disequilibrium (LD), integrating genetic map and physical maps and elucidating the evolutionary history of populations for model organisms (Brumfield et al. 2003 , Han and Xue 2003 , Rafalski 2002 , Tenaillon et al. 2001 , Zhu et al. 2003 . Compared with other genetic markers, SNPs are more abundant in the genome and much more stably inherited (Osman et al. 2003 , Marshall 1997 , Weber and Wong 1993 . Furthermore, SNPs can be used for association studies because they have a low mutation rate and are amenable to automation (Halushka et al. 1999) . Just as changes at the DNA level allowing populations to diverge and ultimately to form new species, SNPs may also provide fundamental novel insights into the evolution of species (Barraclough 2001 , Picó et al. 2002 . SNPs of known genes have recently been used to explore the population history of non-model species in plant, such as in Ramonda (Picó et al. 2002) . Therefore, it will be interesting to use SNPs of known genes as marker to carry out an evolutionary biological and genetic research at population level in non-model species, such as Conandron ramondioides.
Cycloidea (cyc), a functional gene involved in establishing floral zygomorphy together with the Dichotoma (dich), was first isolated from Antirrhinum majus (Veronicaceae) (Luo et al. 1996 , Almeida et al. 1997 . This gene encodes a putative transcription factor, which controls the floral zygomorphy by regulating the expression of the Cyclin genes (Cubas et al. 1999b ). Homologues of cyc have been isolated in several other families (Cubas et al. 1999a; Möller 1999; Citerne et al. 2000 Citerne et al. , 2003 Fukuda et al. 2003 , Wang et al. 2004a , including Gesneriaceae that closely related to Veronicaceae Antirrhinum belongs to Gcyc, a homologue of cyc in Gesneriaceae, usually has one or two copies in one species (Möller 1999 , Citerne et al. 2000 , Wang et al. 2004a ). Both the highly conserved regions (e.g. the TCP-domain and R-domain) and the highly variable regions, like cyc of Antirrhinum, were also presented in the Gcyc (Citerne et al. 2000) . On account of rapid evolution of the highly variable regions, Gcyc was applied for phylogenetic analysis to investigate the possible evolutionary relationship among taxa of this family and the relationship between divergence of Gcyc sequences and changes in floral morphology in this family (Möller 1999 , Wang et al. 2004b . The results of phylogenetic analysis showed that Gcyc may fall into two classes (Gcyc1 and Gcyc2), as a result of an early gene duplication from an ancient polyploidy event (Wang et al. 2004a) . Gcyc1 seems to evolve more quickly than Gcyc2 and several independent duplication events had occurred after splitting between Gcyc1 and Gcyc2 (Wang et al. 2004a ). Since SNPs of Gcyc2 have been successfully used as a molecular marker to explore the population history of a species in Gesneriaceae, the SNPs of the Gcyc1 may be an ideal molecular marker to study the genetic differentiation and the population history of a species in Gesneriaceae because it evolves more quickly than Gcyc2 in Gesneriaceare (Wang et al. 2004a) .
Conandron with antinomorphic flowers is a monotypic genus in the Old World Gesneriaceae (subfamily Cyrtandroideae), and is geographically restricted Taiwan, Southeast of mainland in China and Japan. The only species Conandron ramondioides Sieb. et Zucc. is a perennial herb with only one leaf (rare two or three ones) and is usually distributed in the middle and low mountain areas (Fig. 1) . Populations of C. ramondioides usually grow in specific fragmented habitat Fig. 1 . Geographic distribution of C. ramondioides along creeks, particularly on wet, dripping granite cliffs (personal observation). Populations are often small and isolated each other in long distance. There is no noticeable difference in the subtropical monsoon climatic conditions over its whole distribution area. As outlined above, the species C. ramondioides is an ideal candidate for the research in population biology, including genetic differentiation and population history of this species, especially using SNPs of a known gene as a molecular marker.
To understand the genetic differentiation and evolutionary history of C. ramondioides populations as well as the molecular evolution of Gcyc1 within this species,we isolated the full length of ORF (open reading frame) of Gcyc1 and investigated its variations at population level. Integrating the SNPs of Gcyc1 and paleoclimatic and paleogeological changes of distribution area of C. ramondioides, we inferred the evolutionary processes of populations and re-colonization patterns of the relict C. ramondioides during pre-glacial and glacial episodes. In addition, we also discussed the application of SNP markers of coding regions of genes in inferring population genetic differentiation and population history among non-model species. Our results give an insight into population evolutionary history in C. ramondioides, and provide beneficial suggestion for the conservation of endemic and rare species, like C. ramondioides, in Gesneriaceae.
Materials and methods
Sampling, material collection and morphological observation at population level. During the summer and autumn of 2003 and 2004, eleven populations were investigated in C. ramondioides from SE China. DNA materials were collected during the field survey (Fig. 2) . In addition to the Qianshan population (QSh21) where only five individuals were sampled, leaf samples from at least sixteen randomly chosen individuals per population were collected, reflecting both the size of these populations and the extent of clonal growth. In fact, we have avoided clonal sampling as far as possible in samples gathering process. Moreover, some living plants, rhizomes and seeds were brought back to IBCAS (Institute of Botany, the Chinese Academy of Sciences) for future studies. Voucher specimens were deposited in the China National Herbarium (PE). Living plants are cultured in glasshouse of IBCAS. The collection details materials are shown in Table 1 . Morphological observation was carried out using dissecting microscope.
DNA extraction, primers, amplification and sequencing. Genomic total DNA from a total 219 individuals was extracted using a modified CTAB method (Doyle and Doyle 1987 ) from silica gel dried leaves, and purified using the Genomic DNA Rapid Purification Kit (BioDev Tech. Inc.) . In this study, we chose Gcyc1, due to its rapid evolution, as the target fragment. According to the sequence of cyc in Antirrhinum majus (accession no.Y16313), Lcyc in Linaria vulgaris (accession no. AF161252) from GenBank and Saintpaulia velutina cyc1A (Wang et al. 2006) , we designed the forward degenerate primer, JC (5 0 -GTT TGG SAA GAA CWC RTA CC-3 0 ). According to the 70% complete sequence of Gcyc1 in C. ramondioides from GenBank (accession no. AF20839 and AF208321), the specific reverse primer GcycR1 (5 0 -CAT TGA CAT TAA GAG ATG GGA G-3 0 ) were designed. Then JC/GcycR1 were used for amplifying and sequencing to obtain the 5 0 -teminal sequence of encoding region of Gcyc1 gene in C. ramondioides. After that, we also designed the forward primer GC1 (5 0 -ATG TTT GGC AAG AAC TCG TAC C-3 0 ) as well as the sequencing primers SPF (5 0 -AGC AAG ACA TGC TTT CTG G-3 0 ) and SPR (5 0 -GAC ATT GGA TTC AAT ATG GTG-3 0 ) (Fig. 3 ). Then we amplified and sequenced the total 219 samples from eleven populations in C. ramondioides, using the PCR primers GC1/GcycR (Fig. 3 ). For each sample, the Gcyc1 gene sequence was sequenced from both forward and reverse directions. We identified the heterozygotes by double peaks of the same intensity from the electropherograms. For those samples with double peak, resequencing was carried out in order to confirm heterozygous nucleotides.
The reaction system of polymerase chain reaction (PCR) was as following and made up to 25 ll with sterile distilled water: 0.15 ll (5 U/ll) Taq DNA polymerase (TaKaRa), 2.5 ll 10 · PCR buffer (TaKaRa), 2.5 ll dNTP at 2 mM (final concentration 0.2 mM) (TaKaRa), 1.0 ll MgCl 2 at 25 mM (final concentration 2.5 mM) (TaKaRa), 2.5 ll each primers at 2 lM (0.2 lM) (TaKaRa) and about less 50 ng template DNA. And PCR cycling parameters were as follows: 1 cycle of 5 min at 94°C; 32 cycle of 1 min at 94°C, 1 min at 53°C, and at 1 min 30 s 72°C, with a final extension step for 10 min at 72°C. PCR products were separated by 1.5% (w/v) agarose gel electrophoresis. The band with the right size was cut out and purified using the GFX PCR DNA and Gel Band Purification Kit (Pharmacia) and then the sequencing reactions carried out using the sequencing primers. The products were applied to an ABI 3730 XL automatic sequencer. All sequences of Gcyc1 in the eleven populations of C. ramondioides are deposited in GenBank (accession nos. EU036762-036980).
Methods in SNP identification and genetic analysis. For each individual, the sequences were corrected with Contig Express software. Double peaks were identified as SNPs when it was half of the single peak on the electropherograms. Then sequence alignments were made with Clustal X and refined manually. The different bases between sequences were all identified as SNPs. Each identified SNP we considered as one information site. They were categorized as homozygous (minor and major) and Percentage of polymorphic sites and mean heterozygosity between populations were estimated using POPGENE32. The Ht at the polymorphic sites and the Gst were determined followed the G-statistic of Nei (1978) with the assistance of the FSTAT computer program (v.2.9.3.2). Nei's unbiased distance (D) was estimated between populations to generate average linkage clustering using the UPGMA method. A phenogram of Nei's genetic distance (1978) were prepared using MEGA (version3.0 (According to the method of Almeida (2003)).
Results
Field observation. In this study, eleven populations of C. ramondioides were investigated (Table 1 ). All the populations are distributed in valleys of shady mountain slopes and are usually found on granite rock at the headstream, rooted in moss-covered rock clefts with shallow soil under subtropical evergreen broadleaved forest. Eleven investigated and sampled populations are all distributed in such similar fragmented primary habitats (Table 1) . The size of each population is very small and isolated from each other by long distance. The individuals in each population are usually clumped together. The number of individuals is correlative with the moisture degree of the habitat, that is, more individuals in moister habitats. Two reproductive patterns, rhizomes and seed reproduction, were observed both in the field and glasshouse. However, rhizomes grow very slowly and seeds are the major source of reproduction. Seeds can be diffused by the force of dehiscence of the capsular fruit. There are many tiny seeds in a capsule. The seeds escape from the fruit usually spread by water. No visible differentiation in floral symmetry has been observed among and within populations in C. ramondioides.
Sequence analysis and SNP identification. A total of eighteen SNPs were detected in the 774 sequenced bases of Gcyc1 (Table 2 ). The SNP frequency is one per 43 bp. Bases near primers at both ends of the sequence were not included in the analysis because of uncertainty. The sequences of Gcyc1 obtained from eleven C. ramondioides populations were identical in length. Each SNP included two bases and the numbers of SNPs were different among populations, the results were summarized in Table 2 . There were eleven non-synonymous substitutions (not correlated with the population number) and seven synonymous substitutions in all eighteen SNPs. SNP-1 to SNP-7 were detected in the variable region from 5 0 -terminal to TCPdomain. SNP-8 (AAA/AAg), SNP-9 (TCg/TCT) and SNP-10 (GAT/GAA) present in basic region of TCP domain, in which the SNP-8 and SNP-9 were synonymous and SNP-10 were nonsynonymous. Their amino acid changes were K/ K, K/K, and D/E, respectively. But these nucleotide substitutions in basic region had not affected the secondary structure of the putative protein. SNP-11 to SNP-13 were located in the region between two conserved regions, TCP and R domains and SNP-14 to SNP-18 after R-domain.
In all the sites detected, polymorphy varied from 5.56% to 38.89% with average of 18.28% within populations (Table 2 ). The highest frequency of SNPs was found in KH20 and TSh08 populations followed by population QT09 with the number of SNPs of 7, 7 and 6, respectively, while only one SNP was detected in LA18 population. None of eighteen SNPs was shared by all eleven populations (Table 2 ). However, in JL04 population, one of three detected SNPs was only observed in a local population and other two were fixed in whole JL04 population relative to other populations. Furthermore, one SNP was fixed in whole LA17 and LA18 populations, respectively. Genetic diversity. Heterozygotes were detected in ten of eighteen SNPs ( Table 2 ). The observed heterozygosity was generally lower than expected heterozygosity in ten of eleven populations, indicating an excess of homozygotes in these populations. However, there is no noticeable difference in LA17 population and the He is a little lower than Ho only (Table 5) . AA. Mean expected heterozygosity was higher than observed with an average of He = 0.0952 (±0.1300), Ho = 0.0089 (±0.0118), respectively. The TSh08 & 39 populations had the highest expected heterozygosity, i.e. He = 1.076 (±0.1708), whereas the lowest heterozygosity was from the LA18, i.e. He = 0, because only one SNP was detected and had been fixed in whole population (Table 3) . Total genetic diversity (Ht) and gene diversity within populations (Hs) at polymorphic sites averaged 0.097 and 0.042, respectively (Table 4) . The mean genetic differentiation between populations (Gst) was 0.564 (Table 4 ), indicating that about 56.4% of the observed genetic diversity was due to variation between C. ramondioides populations and the remaining 43.6% was a function of genetic differentiation among plants within populations. The gene flow and fixation indices are 0.1787 and 0.5832, respectively (Table 6) .
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Genetic distance. The average genetic distance (D) between populations was D = 0.068, with a varied range from 0.0003 to 0.1868 (Table 3) . UPGMA analysis between populations using Nei's unbiased genetic distance showed that the JL04 population (from Fujian province) had the farthest genetic distance with other populations, followed by the QSh21 population from Anhui province. In the populations from Zhejiang province, the TSh08 & 39, QT09 and TT10 populations were clustered into one group, and the LA13, LA14, LA17 and LA18 populations, from Longtang mountain in Lin'an in Zhejing province were gathered into another group. Interestingly, the LA27 population from Shunxi in Lin'an and the KH20 population clustered together (Fig. 4) .
Discussion
Molecular evolution of Gcyc1. Some studies show that Gcyc, especially its variable regions, diverges and evolves rapidly among species of Gesneriaceae (Möller 1999 , Citerne et al. 2000 , Wang et al. 2004a . Based on the SNPs of Gcyc2 at population level and the morphological traits of flower in R. myconii, Picó et al. (2002) suggest that the evolution of the Gcyc2 gene within species is in accord with the neutral theory. However, the Gcyc1 gene evolves more rapidly than other known copies of Gcyc (Möller 1999 , Citerne et al. 2000 , Wang et al. 2004a ) and has more SNPs than Gcyc2 (data not shown) within species. The Gcyc1 has two conserved domains, i.e. a basic-helixI-loop-helixII (BHLH) TCP domain and an Arg-rich R domain (Cubas et al. 1999b ). According to Cubas et al. (1999b) , the residues in the basic region are the most conserved. A bipartite nuclear localization signal is in the basic region of the Cyc/TB1 subfamily (Luo et al. 1996 , Doebley et al. 1997 ). This region is essential for specific binding to promoter elements of the proliferating cell nuclear antigen (PCNA) genes (Kosugi and Ohashi 1997) . Therefore, it is very possible that non-synonymous substitution of this region may affect the function of the putative protein and ultimately result in the change of phenotype.
In our results, eleven of eighteen SNPs (one SNP per 43 bp) detected in 774 bp of Gcyc1 sequence are non-synonymous substitutions at population level in C. ramondioides (Table 2) . Although one non-synonymous substitution (SNP-10, GAT?GAA or D?E) takes place in the basic region of TCP domain of Gcyc1, there is no change in the carried charge and the hydrophobicity of the two amino acids. Similar results can be drawn from other ten non-synonymous substitution in the highly variable regions of the gene (Table 2) . Therefore, the secondary structure of putative protein seems not to be affected by these non-synonymous substitutions.
Morphological observation of flower also shows that there is no noticeable differentiation in shape and size across the dorsoventral axis within each whorl. These facts allow us to suggest that the SNPs presented in the coding region of Gcyc1 have no effect on this gene function in controlling floral symmetry in C. ramondioides. These results implied that the variations in DNA sequence of Gcyc1 gene has a neutral evolutionary pattern at population level. Therefore, SNPs of the coding region of Gcyc1 gene is an ideal molecular marker for reconstructing the evolutionary history of C. ramondioides populations.
Genetic differentiation integrating morphologic traits and habitat features. Our results show that in general, the level of genetic diversity of populations in C. ramondioides (P = 18.28%, He = 0.0952 ± 0.13) is lower compared with a tropical long-lived tree Eurycoma longifolia (He = 0.226 ± 0.029) reported from SNPs marker (Osman et al. 2003) . The mean genetic differentiation between populations (Gst) is 0.564 in C. ramondioides, indicating that there are more variations among populations (56.4%) than within population (43.6%) ( Table 4 ). This shows that there is higher genetic differentiation among populations than within populations in C. ramondioides. Isolation of populations usually decreases gene flow and increases genetic differentation among populations as well as loss of the genetic variability within populations (Templeton et al. 1990 , Hanski 1991 , Fore and Guttman 1992 , Husband and Barrett 1996 , Young et al. 1996 . In C. ramondioides, a very low gene flow is shown between populations (Nm = 0.1787) (Table 6) , which is probably mainly due to the complete isolation of populations generated by long distances between populations that are usually small in size at isolated patches of habitats. As Wright (1931) suggested if the gene flow is less than 1 (Nm < 1), the finite gene flow is the major reason causing the differentiation between populations. For all eighteen SNPs, homozygotes outnumber heterozygotes. This homozygote excess would be expected if C. ramondiodies had an appreciable selfing rate. Hamrick and Godt (1990) suggest that there are some 51% genetic variations between populations in self-fertilizing plants (Gst = 0.510), equvilant to 5 times of that in bee-pollinated outbreeding plants. The value of Gst (0.564) in C. ramondioides implies that this species might have an appreciable selfing or inbreeding rate, as that reported from R. myconi (Picó et al. 2002) and T. oldhamii (Wang et al. 2004a ), or that the vegetative reproduction by rhizome might become increasingly predominant over sexual reproduction. In addition, observation on greenhouse cultivated plants shows that flowers of C. ramondiodies are not capable of autopollination. Therefore, the high value of GST should be mainly due to the fragmentation of continuous habitats into smaller and more isolated patch resulting in a decrease in level of gene flow, particularly over longer distances. Further field investigations and studies for breeding system are necessary to reveal its reproductive features in link with the genetic differentiation of populations in C. ramondiodies.
Population history of C. ramondioides in SE China. Our results demonstrate that the level of Gcyc1 polymorphism varies among populations and no SNP is shared by all eleven populations in C. ramondioides. High percentages of SNP are found in the populations, KH20 and TSh08 & 39 and QT09 (Table 2) , while only one SNP is detected in the LA18 population. In addition, the pair of genetic distance of UPGMA cluster analysis between populations shows that the genetic distances among populations are not fully correlated with the geographic distances among eleven populations of C. ramondioides in SE China. Based on SNPs of Gcyc2 in two populations of R. myconii, Picó et al. (2002) suggest that the effect of glaciations are very different in extant populations of the pre-glacial relict, and the genetic variation could have been lost due to either dramatic reductions in population size and subsequent genetic drift or a recolonization process from south to north during interglacial periods. According to Wang et al. (2004b) , the distribution of T. oldhamii seems to be consistent with former land connection between Taiwan and mainland of China, and between continental of China and the Ryukyu islands at a glacial maximum during the Quaternary, followed by progressive fragmentation of the populations. In C. ramondioides, the distribution area might have originally been continuous and wide-ranging gene exchange would have been existed. However, the continuous distribution area could have then fragmented into small and isolated populations because of the climate change during glacial periods, such as temperature, air humidity and aridity change, and human activity, such as deforestation and crop planting. The affect of glaciations and human activity could have been very different throughout the species' distribution area, especially in SE China.
The present distribution of C. ramondioides in the Huanglong Mountain in Xiushui county of Jiangxi province provides a good case for explaining the population fragment affected by climatic changes and human activities. According to specimen documents, populations of C. ramondioides existed in the Huanglong Mountain area in the past (Fig. 5) . But now they cannot be found there. Loss of the habitat may have to the extinction of most individuals in this aera owing to climate change and human activity. Our field survey shows that about 90% of this area has been covered with man-made conifer forests and the habitats have become more and now than before. Another case is the QSh21 populations distributed in the Tianzhu Mountain in Qianshan county of Anhui province, which is completely isolated from other extant populations by a plain with cultivated crops (Fig. 5) . It is very possible that plants of C. ramondioides originally distributed in the lowland below 500 m might have become completely extincted because of human agricultural activities.
Potential implication of SNPs marker on population history of non-model organism. Zhang et al. (2003) suggested that SNPs will become the marker-of-choice in nuclear DNA analysis of populations because of their simplicity in character state and the ease of large-scale automated detection. And these markers will only be really valuable when they are employed in numbers. At present, as a result of extensive genetic studies and genome sequencing, a large numbers of genome wide SNPs have been identified in model organisms. However, there is only a few individual cases for SNPs markers to be systematically employed in population genetic study in non-model species. Our study indicates that, similar to that in R. myconi ( Picó et al. 2002 ) , detailed SNPs on between-and within-population in Gcyc over the whole distribution area of C. ramondioides, on account of their neutral evolutionary pattern, could potentially be used to reconstruct the population history of this species. Although we can also extract this information from other markers, such as SSR, a comparison between methods would be very informative. Therefore, SNPs from known genes could be used as marker to carry out population genetic and evolutionary studies, especially in non-model species, such as Gcyc in C. ramondioides. Moreover, SNPs from the coding region of a developmental gene would contribute to our understanding the relationship between variation at the gene level and subsequent changes in biological functions and morphological traits.
